A B S T R A C T A multicompartmental pharmacokinetic model based on physiological principles, experimental data, and the standard mathematical principles of compartmental analysis has been constructed that fully describes the metabolism and enterohepatic cycling in man of cholic acid, a major bile acid. The model features compartments and linear transfer coefficients. The compartments are aggregated into nine spaces based on physiological considerations (liver, gallbladder, bile ducts, jejunum, ileum, colon, portal blood, sinusoidal blood, and general circulation). The transfer coefficients are also categorized according to function: flow, i.e., emptying of gallbladder or intestinal spaces, and circulation of the blood; biotransformation, i.e., conjugation, deconjugation, or dehydroxylation; and transport, i.e., active or passive transport. The model is made time dependent by introducing meals, which trigger discrete increases in gallbladder emptying and intestinal flow. Each space contains three compartments. For cholic acid, these are unconjugated cholic acid, cholylglycine, and cholyltaurine. The model was then used with all existing experimental data to simulate cholic acid metabolism in healthy man over a 24-h period. Satisfactory agreement was obtained between simulated and experimental results for serum bile acid levels, hepatic bile acid secretion, and bile acid secretion into the intestine. The model was also used to classify 16 clinical instances in which the enterohepatic circulation of bile acids is altered
INTRODUCTION
The physiological importance of bile acids as watersoluble end products of cholesterol metabolism and as amphipathic compounds that enhance cholesterol excretion and lipid absorption by the formation of mixed micelles is well established (1, 2) . More recently, the two 3,7-dihydroxy bile acids, chenodeoxycholic and ursodeoxycholic acids, have been shown to have useful pharmacological activity, since, when administered chronically, they induce cholesterol gallstone dissolution in man (3, 4) . Serum bile acid levels have also been used to detect intestinal (5) or hepatic disease (6) . In principle, therefore, bile acid metabolism should be of interest to the physiologist, pharmacologist, gastroenterologist, and clinical chemist.
Early studies of bile acid metabolism have been summarized by Josephson (7) . Modern studies on bile acid metabolism may be considered to begin with Bergstrom and his colleagues, who synthesized 24-'4C-labeled bile acids and defined their metabolism in animals (8) . Lindstedt (9) , a member of this research group, prepared radioactive cholic acid and showed that the overall metabolism of cholic acid in man could be described by a single well mixed compartment. He defined the exchangeable pool size and the fractional turnover rate and calculated the daily synthesis rate.
Lindstedt's pioneering work was extended by other investigators who showed that the metabolism of the other primary bile acid, chenodeoxycholic acid (10, 11) , and the major secondary bile acid, deoxycholic acid (12, 13) , could also be described by a single compartmental model. This work was further extended by a series of studies from the Mayo Clinic that defined the metabolism in healthy man of bile acids labeled in both the steroid and amino acid moieties (12, 14, 15) . These studies showed that the turnover of the steroid moiety, especially for glycine-conjugated bile acids, was slower than that of the amino acid moiety. The data were used to propose a multicompartmental model (16) that encompassed synthesis, conjugation, deconjugation, reconjugation, and dehydroxylation. The multicompartmental model was used to simulate the metabolism for the steroid moiety of cholic acid with excellent agreement between simulated and experimental results. This simulation also had utility since it predicted that isotope dilution studies of bile acids would give erroneous results if the isotope was injected in the form of its taurine conjugate. The model was subsequently extended to predict the effects of perturbed bile acid metabolism in patients with diseases affecting the enterohepatic circulation of bile acids (17) .
With the development of sensitive specific radioimmunoassays for individual bile acid classes (18) (19) (20) (21) , it became possible to detect the pulsatile rhythm of the enterohepatic circulation of bile acids (22) (23) (24) (25) . The acceleration of the enterohepatic flow during digestion was signaled by a striking increase in the serum level of bile acids. With this information and other experimental evidence indicating that the fractional hepatic extraction of any given bile acid species remained relatively constant throughout the day (26) (27) (28) (29) , it became possible to construct steady-state multicompartmental models (30, 31) (32) and an Italian program of modeling and simulation of physiological processes (33, 34) . In future studies, we hope to apply the model to the other major primary and secondary bile acids and also to describe and simulate the disturbances in bile acid metabolism that may occur in liver and intestinal disease.
METHODS

Description of the model GENERAL DESCRIPTION
General principles. The present model, as any multicompartmental model (35) , consists of well mixed compartments that contain identifiable chemical species and whose unit is mass, specifically micromoles. The model does not deal with concentrations, but if the volume of distribution of any chemical species is known, its concentration is easily calculated. Movements of molecules between compartments are termed fluxes; movements into a pool are termed influxes, and movements out of a pool are termed effluxes. Movements are denoted by transfer coefficients whose unit is reciprocal time, specifically minutes-'. The flux is the product of the mass in question times its particular transfer coefficient and has the units of micromoles/minute. The model, as described here, is a linear model, i.e. transfer coefficients are constant and uninfluenced by the mass in the compartment. The model can be modified, if desired, to exhibit saturation kinetics.
The model is made time dependent by using one value The arrow from the systemic circulation to the portal space (f ) indicates the mesenteric blood flow; that for the systemic circulation to the sinusoidal space (f4) indicates the hepatic arterial blood flow. The arrow from the sinusoidal space to the systemic circulation (f5) indicates hepatic venous blood; that from the portal space to the systemic circulation (12) Definition of compartments. The broad features of the model are illustrated in Fig. 1 . The model consists of three systems, defined on the basis of function: the hepatobiliary system, the enteral system, and the circulatory system. Each system consists of three spaces, defined on the basis of anatomy. Thus, since there are three systems each containing three spaces, there are nine spaces in all, denoted by the numbers 1-9. The hepatobiliary system consists of a liver space, a gallbladder space, and a bile duct space. The latter two spaces will be called the biliary system.
The enteral system consists of a jejunal space, an ileal space, and a colonic space. As is discussed below, for symmetry, each space should be divided into two subspaces: a luminal space and a cellular space. In the present model, these spaces are "lumped."
The circulatory system consists of a portal space, a sinusoidal space, and a systemic circulation space. For the purpose of this space, we judged that some possible spaces were unnecessary; these have also been lumped. By using conventional procedures for compartmental modeling, it is possible to derive from a conventional scheme of the circulation shown in Fig. 2a the three-compartment model of Fig. 2b , which shows the spaces of interest: (a) portal space, (b) sinusoidal space, and (c) systemic circulation space that corresponds to the aggregation of lung, heart, kidney, and tissues of Fig. 2 Fig. 3 . Obviously, the total mass in a space is the sum of the mass in the individual compartments, and the total influx to or efflux from any space is the sum of the individual fluxes of its constituent compartments.
Definitions of transfer coefficients. Transfer coefficients are organized in this model by physiological mechanisms.
Flow coefficients (denoted by f) denote transfer coefficients describing movements resulting from external forces acting on an entire space and that result in the movement of all of its compartments at the same rate.
For the hepatobiliary system, the flow coefficients denote the bile acid flux attributable to flow of bile from the bile duct into the gallbladder, flow of bile from the bile duct into the jejunum, and gallbladder emptying into the jejunum.
For the enteral system, flow coefficients describe transfer of mass from the jejunal space into the ileal space, transfer of mass from the ileal space to the colonic space, and transfer of mass from the colonic space to the outside.
In the circulatory system, flow coefficients describe movement of substances caused by blood flow from the portal space to the sinusoidal space, from the sinusoidal space to the systemic circulation and from the systemic circulation to the sinusoidal and portal space.
The parameters for this circulatory model apply to any substance circulating in blood since they are very simple ' Abbreviations used in this paper: chl, cholic acid; chl- Mixed coefficients (denoted by m) denote transfer coefficients that represent both flow and transport. In this model, they refer to renal excretion. However, since renal excretion of cholic acid and its conjugates is essentially nonexistent in health (36) , such coefficients and corresponding fluxes will be discussed only to a very limited extent.
Time dependent assumptions. General principles. The enterohepatic circulation of bile acids has a diurnal rhythm that is determined by eating. When a meal is eaten, there is a three-to sixfold increase in secretion of bile acids (37, 38) which is then reflected by a three-to sixfold postprandial increase in serum bile acid levels (22) (23) (24) (25) . Two additional lines of evidence show that this effect is caused by the eating of a meal. First, serum bile acid levels remain low and relatively constant during fasting, suggesting that bile acid secretion is greatly reduced when meals are not ingested; nonetheless, there is some enterohepatic cycling of bile acids, since bile acids are always present in serum. It is known that intestinal transit continues during the fasting state because of the interdigestive motility complex (39) . Second, bile acid secretion remains constant and at a high level during infusion of a liquid meal (40) . Thus, any complete description of the enterohepatic circulation of bile acids should include an increase in the flux of bile acids during digestion and a decrease in the bile acid flux during the fasting state.
Intestinal motility is the major factor responsible for rhythm of the enterohepatic circulation, since bile acids must move during digestion from the duodenum to the terminal ileum where they are actively absorbed. Flow in the intestine is known to increase during digestion (41) . Gallbladder contraction, on the other hand, is only partially responsible for the rhythm of the enterohepatic circulation since rhythmic secretion into the intestine and spillover into the general circulation is changed little by cholecystectomy (25) . None Efflux from the liver space is primarily into the biliary system, i.e., the bile duct space. The efflux is assumed to be influenced by molecular structure in the liver space and is therefore described by a transport coefficient times the mass of the respective donor compartment. Reflux from the hepatic space back to the sinusoidal space is also included in the model; since this is dependent on molecular structure, it is described by a transport coefficient. BILE JEJUNAL SPACE. A jejunal space is necessary because bile acid absorption from the jejunum is only passive and the transport coefficients differ substantially for individual bile acids (2) . In addition, because bile acids have important functional effects in the jejunum in mediating lipid absorption and since this function is concentration dependent, it is desirable to have a jejunal space, if the model is to be used to predict the effect of perturbations of bile acid metabolism on lipid absorption. It is also helpful to have a jejunal space since it may be desirable to apply the model to patients with ileal dysfunction or resection.
The influx into the jejunal space is the sum of the fluxes from the bile duct and the gallbladder spaces. Because gallbladder emptying has been made time dependent, this influx into the jejunal space will be time dependent.
There are three potential effluxes from the jejunal space 2 The model assumes that uptake can be described by a lumped compartment, even though elaborate distributed models for hepatic uptake of bile acids and other hepatophilic anions have been described (45) . The justification for describing hepatic uptake by a single lumped compartment has been fully discussed elsewhere (34) . and indeed from all of the enteral spaces. The first efflux is absorption into the portal blood space, which is described by a transport coefficient, since it is dependent on molecular structure. The second efflux is biotransformation to other bile acids, mediated by enteral bacteria; this is described by a biotransformation coefficient. The third efflux is to the next enteral space, i.e. transfer of mass to the ileal space. This is described by a flow coefficient.
ILEAL SPACE. An ileal space is necessary since active absorption of bile acids occurs in the ileum, and since the ileum may be resected in patients. Anatomically, the jejunum precedes the ileum, and such is also true in the model. Flow from the jejunum to the ileum is unidirectional in man and in the model. The time course of serum bile acid levels in man after a meal reflects sequential absorption in the jejunum and ileum (29) .
The influx into the ileal space is the flux from the jejunal space, termed jejunal emptying. The three types of effluxes from the ileal space correspond to those already discussed from the jejunal space.
COLONIC SPACE. A colonic space is necessary since biotransformations occur in the colon that do not occur in the jejunum or ileum, for example 7-dehydroxylation. Further, the absorptive characteristics of the colonic mucosa differ from those of the jejunum and ileum, and colonic absorption of bile acids occurs.
The influx into the colonic space is the flux caused by ileal emptying. The types of efflux are identical to those of the jejunum and ileum: absorption, described by a transport coefficient; emptying to the outside, described by a flow coefficient; and biotransformations, described by biotransformation coefficients. It might be commented that bile acids present in solid feces are considered to be outside, i.e., to have left all of the spaces of the model. Circulatory system. Three circulatory spaces are described by flow coefficients.
PORTAL BLOOD SPACE. A portal space is required, for the reason that in liver disease there may be portal-systemic shunting, in which instance the flux entering the portal space will be greater than that entering the sinusoidal space. The portal space must be distinguished from the sinusoidal space, as it has a different bile acid concentration, since sinusoidal blood flow derives from both arterial and portal blood flow.
The major influx into the portal space is the sum of the individual fluxes from the jejunal, ileal, and colonic spaces. Because the flux from each compartment is dependent on molecular structure, the total flux will be the sum of the products of as many as nine transport coefficients times the mass in as many as nine donor compartments. The minor flux into the portal compartment is the product of a flow coefficient times the mass in the systemic circulation space.
The efflux from the portal space is described by a flow coefficient to the sinusoidal space. This is the only efflux in health; in liver disease, there may be portal-systemic shunting described by a flow coefficient from the portal space to the general circulation space. SINUSOIDAL SPACE. A sinusoidal space is required since hepatic uptake occurs exclusively from it and since it has a different bile acid concentration from that of the systemic circulation space of the portal blood space. Such a space is useful for defining "first-pass clearance."
The influx into the sinusoidal space is from portal blood space, from the systemic circulation space, and from the liver space. The largest influx is from the portal space and is described by a flow coefficient. The influx from the systemic circulation represents mass carried in hepatic artery blood flow; this flux is also described by a flow coefficient.
The influx from the liver space describes mass that "refluxes" from the liver space into the sinusoidal space. As stated previously, this reflux is presumably dependent on bile acid structure, and will be described by a transport coefficient.
The effluxes from the sinusoidal space are described by a flow coefficient representing blood flow from the sinusoidal space to the systemic circulation and a transport coefficient reflecting hepatic uptake.
SYSTEMIC CIRCULATION SPACE. A systemic circulation
space is required since this space has a different bile acid concentration than the portal space or the sinusoidal space, as noted. The influx to the systemic circulation space is "spillover" from the sinusoid, as has been discussed.
The efflux from the systemic circulation space is mass transferred via the mesenteric blood to the portal space, i.e., via the celiac artery, and mass transferred to the sinusoidal space by the hepatic artery. Both of these fluxes involve flow coefficients. There is a potential efflux in urine, whose rate is negligible in health and is denoted here by mixed transfer coefficients. Presumably, transfer coefficients for renal excretion would involve both flow coefficients (renal blood flow) and urine water flow transport coefficients, since both the glomerular filtration and tubular reabsorption should be structure dependent.
The number of compartments in the systemic circulation space is determined by the number of compartments in the hepatobiliary and enteral systems; this in turn is determined by the number of biotransformations.
Assumptions for time-dependent features. As discussed above, the stimulus for acceleration of the enterohepatic circulation is eating. In the model, meals were eaten at 0700 (420 min), at 1300 (780 min), and at 1900 h (1, 140 APPLICATION OF THE MODEL TO CHOLIC ACID Having stated the general and certain bile acid specific assumptions of the model, we can now apply it in detail to cholic acid. The major new considerations are the fluxes to and from individual compartments that will be transport and biotransformation coefficients. All spaces contain three compartments: unconjugated cholic acid, chl-gly, and chl-tau.
Hepatobiliary system. THE CHOLIC COMPARTMENT. The influx to the cholic compartment is constant de novo synthesis from cholesterol (represented by the oblique arrow entering from below) and the flux from the sinusoid.
The efflux from the cholic compartment is by biotransformation to chl-gly and chl-tau. The rate of glycine conjugation is several times that of taurine conjugation (48, 49) . The model also indicates a potential flux of unconjugated cholic acid into the bile ducts and gallbladder.3
The chl-gly compartment has an influx from its donor sinusoidal compartment. The transfer coefficient is the transport coefficient reflecting the active uptake of chl-gly by the hepatocyte.
There are two effluxes from the chl-gly compartment: one of the bile duct compartment and "reflux" into the sinusoid. As noted above, these effluxes have been described by transport coefficients. Also shown in the figure is an efflux (b17) representing biotransformation by additional conjugation, such as sulfation. For cholic acid, in health, this efflux will be considered negligible, as sulfated species of cholic acid are not present in bile in healthy individuals (51, 52) .
The chl-tau compartment has a similar influx from its donor sinusoidal compartment. We have used an identical value for the transport coefficient of chl-gly and chl-tau; the first pass extraction fraction of chl-gly has been determined for man (53), but not chl-tau. The plasma disappearance curves of chl-tau and chl-gly are quite similar in man (54) .
The efflux from the chl-tau compartment is similar to that from the chl-gly compartment.
BILE DUCT AND GALLBLADDER COMPARTMENTS. Since there is neither absorption nor biotransformation in these compartments, the influxes and effluxes have already been discussed fully under general assumptions.
Enteral system. JEJUNAL SPACE. The chl-gly compartment has its influx from the homologous bile duct compartment, which is described by a flow coefficient. There are three effluxes. The first efflux is intestinal absorption, which involves a transport coefficient. The second efflux is deconjugation by intestinal bacteria, which involves a biotransformation coefficient. The third efflux is by emptying, which involves a flow coefficient. Exactly the same principles apply to the chl-tau compartment.
For the cholic acid compartment, however, there are three * Although the magnitude of this flux is probably negligible in health, it seems desirable to include unconjugated cholic acid compartments in the bile duct and gallbladder spaces since unconjugated bile acids are present in serum (50) and quite possibly in bile of patients with liver disease.
influxes. The first results from secretion of unconjugated cholic acid into the jejunum via its homologous bile duct compartment; this influx, which is negligible in health, is described by a flow coefficient. The second and third influxes result from deconjugation of chl-gly and chl-tau; they are described by the respective biotransformation coefficients. There are two effluxes from the cholic acid compartment. Intestinal absorption is described by a transport coefficient. In addition, there is jejunal emptying of the cholic acid compartment to the homologous cholic acid compartment in the ileal space.
ILEAL SPACE. The ileal space also has three compartments whose influxes and effluxes are described by similar principles. The influx, however, is solely from jejunal emptying, rather than from the biliary system. The efflux pathways are completely analogous to those described for the jejunal space.
COLONIC SPACE. The colonic space also has three compartments. Again, the influx is solely from ileal emptying. The effluxes from the colonic space have some characteristics that distinguish them from those of the ileal space. An additional biotransformation, 7-dehydroxylation to deoxycholic acid, occurs in the colon. This dehydroxylation may occur for chl-gly (14) and chl-tau (55) so that these compartments have four possible effluxes: absorption, deconjugation, dehydroxylation, and loss to the outside.
For the cholic acid compartment, there are three possible effluxes. The conjugated or unconjugated deoxycholic acid that is formed is excreted to the outside or is absorbed. If absorbed, it undergoes a complete metabolism and enterohepatic circulation exactly analogous to that described here for cholic acid (12 Generalities. For the simulation, we first selected the "best" or average values from the literature for the volumes of the spaces, the concentration of individual species in the spaces, and the fluxes between spaces.
Most literature values are given in concentrations and fluxes, rather than in masses (of compartments or spaces) and transfer coefficients. However, if the volume of distribution of a given space or compartment is known, its mass is easily calculated. Similarly, if the flux has been measured or can be estimated and if the mass in donor space or compartment is known, the transfer coefficient may be estimated. .600 nmol/min from intestinal biotransformation and 440 nmol/min from de novo synthesis (16) . Thus the majority of the influx into the chl compartment is from unconjugated cholic acid formed in the distal small intestine by bacterial deconjugation of previously secreted conjugates of cholic acid.
The efflux from the chl compartment is by biotransformation to chl-gly or chl-tau. In the simulation, we shall assume that conjugation is complete and that the rate of conjugation with glycine is three times that of conjugation with taurine. 4 A second efflux from the hepatic space is "reflux" as unconjugated cholic into the sinusoidal space. The available estimates of this flux (57-59) suggest that its magnitude is quite small. A third possible efflux is transport of the chl without biotransformation into the biliary duct compartment. This is presumed not to occur in healthy man and is shown in Fig. 4 as a dotted line.
CHL-GLY COMPARTMENT. The major input into the chlgly compartment is returned from the intestine, i.e., chl-gly, which is absorbed without deconjugation. The minor input is from newly conjugated chl-gly entering from the chl compartment. (See also Table VII) .
The major efflux is transport into the bile duct compartment. The minor efflux is reflux back into the sinusoidal compartment, which is described by a transport coefficient and for which a few estimates are available from the literature (57-59).
CHL-TAU COMPARTMENT. For chl-tau, the influx assumptions are similar. Less chl-tau is deconjugated in the intestine, so that it mainly is absorbed intact. Similarly, the input of chl-tau from the chl compartment by conjugation with taurine is also less.
For reflux from the hepatic space into the sinusoidal space, we have used an identical transport coefficient for chl-tau as for chl-gly.
Biliary system. Transfer through the bile duct and gallbladder spaces already has been summarized.
Obviously, secretion of bile acids into the intestine depends on flow from the bile duct space and the gallbladder space.
Enteral system. JEJUNAL SPACE. In our model, it is assumed that there is no passive absorption of chl-gly or chl-tau so that the transport coefficient is zero. Similarly, there is no deconjugation so that the biotransformation coefficient is zero. Thus, the mass of the chl compartment is zero.
The only efflux from the jejunal space is into the ileal space. Only one parameter, a flow parameter, is necessary 4Although the ratio of glycine to taurine conjugated bile acids in bile is about three, the relative rates of hepatic conjugation with glycine or taurine may not be identical to the steady-state proportions in bile, since the latter is determined not only by the relative rates of hepatic conjugation, but also by the relative rates of intestinal conservation of the two classes of conjugates (17) .
CHL-GLY CHL
CHL-TAU FIGURE 4 Relative values, based on values in the literature, for effluxes from individual compartments in fasting state condition. These values were used to derive the values for the transfer coefficients used for the simulation (see Table  III ).
for the model, since it is a mechanical flow that applies to all jejunal compartments. During digestion, the parameter has been increased 1.2-fold to account for increased intestinal motility (41, 60) . ILEAL SPACE. The influx into the chl-gly compartment is the emptying of the jejunal donor compartment. The efflux is by absorption, emptying into the colon, or deconjugation. The absorption rate, described by transport coefficients, is very efficient, reflecting the summation of active and passive transport from the ileal space. About 15% of the secreted amount of chl-gly and chl-tau is deconjugated in the ileum so that one-sixth of the secreted amount of cholyl conjugates enter the chl compartment. The chl compartment receives influx from deconjugation of chl-gly and chl-tau, the influx from the chl-gly compartment being greater than from the chl-tau compartment.5 COLONIC SPACE. Input into the chl-gly compartment is chl-gly not absorbed in the ileum, and described by the flow coefficient of ileal emptying.
In this model, we have assumed that chl-gly is fully deconjugated to chl. There is no absorption of chl-gly as such from the colonic space. The chl-tau compartment has a similar influx and efflux.6
The chl compartment receives influx from the donor chlgly and chl-tau compartments, as well as a small influx from that fraction of the ileal chl compartment that was not absorbed. In the model we have assumed that the chl in the colonic compartment is fully 7-dehydroxylated to form deoxvcholic acid, i.e., that there is no absorption of unconjugated cholic acid from the colonic space. This is probably not true, but colonic permeability for cholate is low (62) . A fraction of the deoxvcholic acid that is formed is absorbed and undergoes enterohepatic cycling in a manner identical in principal to that discussed above for cholic acid (63) , but consideration of the metabolism of deoxycholic acid is beyond the scope of this paper.
Circulatory system. PORTAL SPACE. All assumptions have been discussed previously SINUSOIDAL SPACE. The influx to the sinusoidal space is portal blood flow plus the small amount of flux by the hepatic arterial blood flow. The efflux is the uptake by the liver space, which is described by the transport coefficient. As an example, for chl-gly, the first-pass extraction fraction is t9/ (f5 + f9). Spillover is 1 minus the first-pass extraction fraction.
For chl-gly, the first-pass clearance has been taken as 0.9 (28, 53); a similar value has been taken for chl-tau. For chl, the first-pass clearance is less, and the value of 0.7 has been used (64) .
SYSTEMIC CIRCULATION. The influx into the systemic circulation compartments is spillover from the sinusoidal compartments. The efflux is due to hepatic arterial blood flow and mesenteric arterv blood flow; they are described bv flow coefficients, as noted. The relative mass in individual svsof bile acids is -10 urmol/min (36, 39) . Since temic circulation compartments is determined by the relative transport coefficients for influx into the hepatic space from the sinusoidal space, since the spillover is the complement. Thus, the model predicts that the cholyl species in the systemic circulation space should always be enriched in chl relative to the portal species in portal blood. As yet there is no experimental evidence for this prediction, but evidence that the systemic circulation always contains chl in appreciative concentrations has recently been published (50) .
The rhythm and the levels of the three compartments in the general circulation is determined by intestinal motility and gallbladder emptying.
MATHEMATICAL METHODS
Modeling methodology. The major problem, from the modeling point of view, is related to the great complexity of NJEHCCA. The physiological requirement for a sufficientlv detailed model to encompass the major aspects of cholic acid metabolism contrasts markedly with the limited amount of experimental information available. The usual approach in such a situation is to use a highly aggregated model, as for a specific example, the single pool model of Lindstedt (8) . However, the use of highly aggregated models has several drawbacks, particularly in cases of cognitive models, as the present one. Indeed, the use of highly aggregated models can even lead to incorrect interpretation of experimental data (33, 34, 65) .
To solve these problems, we have used a new method that is termed a parameter aggregation method (66, 67) . The key problem in constructing a model of a real process is that of obtaining not only satisfactory interpretation of available experimental data but also "good" predictions of new data that have not been used for the construction of the model. Recent research has shown that these requirements imply a suitable balance between the model "complexity" and the information available in the experimental data. Roughly speaking, as the model complexity increases (i.e. as the number of compartments is increased or nonlinear transfer coefficients are used), the fitting of the experimental data improves, but the predictive ability of the model worsens for a given amount of information (68) .
It has also been shown that in many situations, the number of unknown parameters of a model is a satisfactory index of its complexity (68) . From this point of view, the use of highly aggregated models is interpreted as a method for solving the problem of complexity by reducing the number of compartments, aggregating groups of them. In this way, a reduction of the number of the transfer rates is also obtained. However, the physiological correspondence between the process and the model is in general weakened and the physiological interpretation of transfer rates and data related to the model may be sometimes misleading (33, 65) . On the contrary, the parameter aggregation approach is a method for reducing the complexity of a model without sacrificing its physiological structure and interpretation. The complexitv reduction is not obtained by reducing the number of transfer rates (as in the compartment aggregation approach), but only by reducing the number of unknown parameters in the model, imposing suitable constraints among them.
Although this method may appear quite arbitrary at first sight, it has been shown (65, 66) to be superior to the usual compartment aggregation approach. In particular, the latter can be obtained easily as a particular case of the former. This implies that the parameter aggregation method has a much greater flexibility in using physiological principles and information.' 7 For example, the aggregation of the amount of the three cholic acid compounds in each space (generating the 9 compartment model of Fig. 1 ) is exactly equivalent to imposing in our model that the various transfer rates are the same for the three compounds (for example, t9 = t1, = t1a). On the contrary, in our model we can impose the physiological knowledge that the flow coefficients are equal, but biotransformation and transport coefficients may be quite different (for example that ileal absorption rates of free and conjugated cholic acids have a ratio of about two and then t a g Numerical simulation. The proposed mathematical model results in a set of linear, time-varying differential equations. The main problems for their numerical simulation arises from their stiffness (related to the great difference between the minimum and maximum transfer rate values, whose ratio is of the order of . Thus, the use of general techniques for nonlinear differential equations (Runge-Kutta or predic-= 2t32). In this way, our model has the same number of unknown parameters (and then roughly the same complexity of the aggregated nine compartment model, but gives a better interpretation of physiological data, thus resulting in a "better" model. tion-correction methods) (69) would require quite long computing time. The time of the integration step, for example, must be of the order of 10-2 min and the number of integration steps for a 14-d simulation, usually necessary to be sure to be at steady state, is of the order of 2 X 106. This, for example, results in a computing time of -800 min on the computer HP 21 mx we used.
In order to shorten the necessary computing time, we developed a novel numerical method that took advantage of the particular structure of the model, i.e., the model is linear time invariant in different intervals of time, and has constant input (synthesis rate).
Then This formula allows the simulation of the model with a computing time roughly equal to half of the time of a prediction-correction method with an integration step equal to t, plus the time of computing the F and C matrices for each of the considered time intervals in which the svstem is assumed time invariant (65) . In the present case, the number of integration steps is reduced -100 times, and the total computing time for a 14-d simulation is reduced to -14 min.
RESULTS
The simulation was run and parameters were adjusted within physiologically acceptable ranges until the steady-state condition values obtained were in good agreement with the literature. Values for which good experimental data were available or were judged to be important were weighted more heavily. Table I and the concentrations in  Table II are the mass of bile acids in a given compartment in the fasting state. Table III summarizes the transfer coefficients used in the final simulation. The relative values of transfer coefficients for fluxes out of individual compartments are shown in Fig. 4 ; for each compartment, the sum of the fluxes is 1.0. Table IV summarizes the volume flows in the final simulation. These values are in fact "derived values" since they are the product of a given volume (Table  I ) and its respective transfer coefficient (Table III) . Tables V, VI, Figs. 5 and 6 show typical printouts from the computer. The printout in Fig. 5 shows the time course of bile acid secretion into the intestine, i.e., from the gallbladder and bile duct compartment, in relation to meals. Fig. 6 shows the time course of serum bile acid levels in relation to meals. Table VIII summarizes the mass in each compartment during the fasting state and during and after a meal. From a transport point of view, the sinusoid and hepatocyte have each been lumped into a single compartment and an enterocyte space has been omitted. For symmetry, the hepatocyte and enterocyte should in principle be treated analogously. Thus the sinusoidal space is analogous to an intraluminal space; the hepatocyte space is analogous to the enterocyte space; and the bile duct space is analogous to the portal space. In each instance, the cell is the interface between a high-flow blood-filled compartment and a low-flow biliary compartment. Justification for the choice of three enteral spaces has been given. From Fourth, the model should allow prediction of the pharmacokinetic behavior of bile acid loads. For example, the spillover into the systemic circulation of an oral bile acid load is influenced largely by the transport coefficient of liver uptake unless there is portal systemic shunting. Thus, the simplest way to present a defined load to the liver is by administering a bile acid orally that is rapidly and passively absorbed from the jejunum (72, 73) . Fifth, the model can be used also to predict the behavior of cholic acid metabolism in some pathophysiological conditions (cf. 58). In particular, it allows a better interpretation of some laboratory findings used for diagnosis. For example, an increase in the level of unconjugated cholic acid would be caused by increased deconjugation in the intestine; these high serum levels could be erroneously interpreted as indicating liver disease if an analytical method was used that did not distinguish individual cholic acid species, i.e., unconjugated or conjugated.
Finally, the model may be used to categorize disturbances in the enterohepatic circulation of cholic acid induced by drugs or caused by digestive disease. In Table IX , we have classified perturbations of the enterohepatic circulation according to the model. The model may be used to predict the effect of these perturbations on masses and fluxes of bile acids, and thus rationalize changes in serum bile acid levels.
The model described in this paper is similar in purpose to a number of physiological pharmacokinetic The transfer coefficient listed is the first transfer coefficient which is altered by the perturbation. Each condition may in time lead to a new steady state with different values for spaces or transfer coefficients or both. models that were based on the pioneering work of Bischoff and Dedrick on thiopental pharmacokinetics (74) who applied concepts of process analysis and simulation derived from chemical engineering (75) to drug pharmacokinetics. This work has been expanded from the initial flow-limited models (76) to include membrane-limited models (reviewed in 46), as well as biotransformations (77) , biliary secretion (78) , and drug interactions (79) . Both the approach of Bischoff and Dedrick and our approach have sought to develop global models in which compartments and fluxes have anatomical meanings. While our work was in progress, this group extended their modeling to the gastrointestinal tract of the rat (80) . Of course, one major difference is that our work is concerned with rationalizing the behavior of an endogenous substance. As we have pointed out elsewhere (81), the identical pharmacokinetic principles should apply equally to endogenous substances, such as bile acids, vitamins, and steroids, or exogenous molecules, such as drugs. The challenge now is to develop friendly software that will permit such physiological pharmacokinetic approaches to be used widely by the biomedical community. 
